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Abstract 

The  current  trend  in  modern  electrical  power  systems 
for  terrestrial  and  aerospace  applications  is  to  utilize  dc 
at  voltages  well  above  the  traditional  levels  of  12  to  42 
Vdc.  New  airborne  systems  contain  numerous  uses  of 
270  Vdc,  and  bipolar  systems  with  a  540  V  differential 
are  likely  to  appear  in  the  near  future.  Plug-in  electric 
vehicle  and  solar  applications  typically  operate  near  350 
Vdc.  New  data  server  centers  are  considering 
distribution  voltages  up  to  380  Vdc.  The  use  of  high  dc 
potentials  create  flash-over  and  arcing  risks  that  are 
much  more  problematic  than  the  traditional  ac  or  low- 
voltage  dc.  Low-pressures  experienced  in  aerospace 
environments  exacerbate  the  dangers.  Traditional 
overcurrent  protective  devices  may  be  too  slow  to 
mitigate  damage  caused  by  high  current  arcing. 
Likewise,  the  extinction  of  a  low  current,  impedance- 
limited  dc  arc  may  require  active  power  removal  since 
there  is  no  natural  zero-crossing.  Achieving  robustness 
in  high-voltage  dc  power  systems,  then,  requires 
adequate  insulation  design  criteria  and  reliable  failure 
mitigation.  Some  design  specifications  and  guidelines 
will  be  reviewed  and  shortcomings  identified.  Even  with 
technically  sound  designs,  absolute  elimination  of 
flashover  and  arcing  cannot  be  assured  in  realistic 
environments  as  systems  age.  Hence,  critical  systems  will 
require  detection  and  mitigation  strategies  to  prevent 
catastrophic  consequences. 

1.  Introduction 

There  has  been  a  relatively  recent  proliferation  of  dc  power 
systems  operating  at  voltages  that  are  significantly  higher 
than  the  traditional  12,  28,  and  42  Vdc.  Present  applications 
are  more  numerous  than  in  previous  years  because 
significant  advances  in  solid-state  switching  technology 
have  resulted  in  the  economic  feasibility  of  high-power  dc 
systems.  Traditionally,  power  was  transmitted  in  ac  mode 
in  order  to  take  advantage  of  transformers  for  voltage-level 


conversion.  Modem  switching  electronics  have  allowed 
voltage-level  changes  via  economical  dc-dc  converters,  and 
have  produced  the  ability  to  create  light,  powerful  and 
controllable  motors  through  dc  brashless  technology. 

Unfortunately,  some  complications  are  created  by  the 
presence  of  high  voltage  dc.  Although  unwanted  insulation 
breakdown  can  cause  complications  in  many  cases,  it  is 
much  more  problematic  for  dc  systems  because  of  the 
absence  of  periodic  voltage  reversals  that  are  present  in 
more-traditional  ac  distribution.  Arcing  can  continue 
undetected  for  a  significant  time  in  dc  systems.  Also, 
popular  schemes  for  detection  of  insulation  breakdown — 
particularly  arcing — often  look  for  current  switching  as  the 
ac  current  periodically  reverses  through  zero,  but  this 
characteristic  is  absent  in  a  dc  system  because  the  natural 
circuit  operation  is  for  current  to  always  remain  above  (or 
below)  zero. 

Among  applications  that  present  serious  safety  concerns  are 
aircraft  electrical  power  systems,  distributed  (rooftop)  solar 
systems,  and  electrical  ground  vehicles.  Insulation 
breakdown  resulting  in  incapacitation  of  a  control  system 
could  be  catastrophic  to  aircraft  operation  and  even  to 
ground-vehicle  safety.  An  electrically  initiated  fire  could 
likely  have  disastrous  consequences  for  both  airborne  and 
terrestrial  applications. 

Of  primary  interest  for  the  discussion  here  are  dc 
applications  that  have  proliferated  because  of  the  somewhat 
recent  advances  in  power -related  technology.  Voltages  are 
<  1000  Vdc  and  currents  <150  A.  For  these  applications, 
the  primary  insulation  that  is  vulnerable  to  failure  is  air. 
This  could  be  a  discharge  through  an  air  medium  or  along 
an  air/surface  interface. 

Achieving  robustness  in  dc  power  systems  requires 
consistent  insulation  system  design  of  components  and  sub- 
assemblies  and,  for  critical  applications,  reliable  failure 
mitigation.  Future  aging  of  distribution  equipment  and 
system  components  present  additional  design  challenges. 
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Relevant  standards,  guidelines,  and  arc  failure-detection 
methods  are  briefly  discussed  below.  Most  documents  are 
applicable  to  terrestrial  applications  where  air  pressure  does 
not  vary  significantly  from  sea-level  pressures.  Elevated 
altitudes  where  aircraft  operate,  however,  require 
adjustments  to  sea-level-related  specifications  because  of 
the  reduction  of  breakdown  potentials  at  reduced  pressures. 

2,  Design  Standards 

A  review  of  standards  for  design  of  air-insulated  equipment 
was  conducted  in  [1]  with  emphasis  on  application  to 
aerospace  environments.  Figure  1  illustrates  the  disparity 
among  published  guidelines.  Of  those  reviewed  [2-9],  lEC 
60664  (both  -1  and  -5)  was  considered  most  relevant  as  a 
design  guide  because  of  its  inclusion  of  a  reasonable  range 
of  altitudes.  For  design  of  printed  circuit  boards,  IPC- 
2221 A  was  also  considered  important  because  of  its 
treatment  of  material  properties  and  surface  contamination. 


Minimum  Spacing  (mm) 

—  —  lEC  60664-1  Breakdown  Withstand 

- lEC  60664-5  Flashover  Creepage 

-  —  —  I  PC-2221  A  Exposed  PCB  Traces 

.  I  PC-2221  A  Exposed  Leads 

- UL  60950-1 

-  I  PC-9592 

Figure  1.  Withstand  and  operating  voltages  vs.  minimum  clearance 
as  defined  in  standards  relevant  to  airborne  applications  [1]. 


3,  Failure  Mitigation 

Successful  efforts  in  designing  for  zero  occurrences  of 
breakdown  (arcing)  would  include  significant  safety 
margins  that  are  generally  not  practical  because  of  excess 
size  and  weight,  especially  in  vehicle  and  aerospace 
applications.  Even  if  heroic  measures  are  taken  in  the 
design  process,  defects  in  manufacturing  and  maintenance 


cannot  be  totally  eliminated.  Aging  issues  also  present 
uncertainties  in  dependability.  If  potential  faults  could 
result  in  critical  safety  or  reliability  concerns,  some  means 
of  detecting  arcing,  and  mitigating  damage  is  necessary. 

An  unwanted  occurrence  of  arcing  in  a  power  system  is 
generally  referred  to  as  an  “arc  fault.”  Typically,  arcs  are 
characterized  as  “parallel”  or  “series,”  depending  upon  their 
circuit  location.  Circuit  paths  of  parallel  arc  faults 
(sometimes  referred  to  as  “bolted”  faults)  typically  contain 
little  electrical  impedance;  cument  can  increase  rapidly  and 
reach  very  high  levels.  Because  damage  can  be  rapid, 
mitigation  should  be  swift.  Whether  the  power  system  is  ac 
or  dc,  the  low  circuit  impedance  generally  results  in  fault 
cun'ents  far  exceeding  the  circuit’s  normal  load  protective 
device  ratings,  resulting  in  “instantaneous”  trips.  Just  how 
“instantaneous”  depends  upon  the  opening  switch 
characteristic  (mechanical  or  solid-state)  in  the  protective 
device. 

Series  arcs  (sometimes  referred  to  as  “simmering”  or 
“sputtering”  arcs)  are  discharges  that  are  most  commonly 
located  in  series  with  the  intended  load;  the  electrical 
impedance  of  the  load  limits  the  current  to  values  that  will 
not  trip  a  conventional  fuse  or  circuit  breaker.  In  practice, 
any  arc  with  a  high  circuit  impedance  to  its  ground  or  return 
path,  which  limits  the  fault  current  to  levels  below  the  trip 
setting  of  the  circuit  overcurrent  protective  device,  can  be 
considered  a  “series”  arc  fault.  Damage  resulting  from  a 
series  arc  usually  does  not  occur  so  rapidly  as  that  resulting 
from  a  parallel  arc;  however,  because  the  series  arc  may 
continue  for  a  significant  period  of  time  without  detection,  it 
may  cause  significant  damage.  In  high  power  dc  systems,  a 
device  that  detects  and  arrests  series  arcs  would  be 
particularly  valuable  for  circuits  that  cannot  easily  be 
visually  inspected. 

Numerous  technologies  have  been  used  to  detect  an  arcing 
event.  Non-electrical  methods  include  1)  chemical  detection 
of  arc  products,  2)  thermal  detection  of  a  hot  arcing  site,  3) 
optical  detection  of  visible  emission,  and  4)  acoustic 
detection  of  a  pressure  wave  created  by  an  arc.  Chemical 
and  thermal  techniques  are  slow  and  generally  indicate 
degrees  of  deterioration.  Although  optical  and  acoustic 
methods  may  be  relatively  rapid,  they  are  susceptible  to 
interference  and  require  a  degree  of  access  to  the  arcing  site 
that  is  often  difficult  to  achieve. 

Electrical  arc-detection  techniques  can  be  rapid  and 
sensitive.  Although  RF  emission  can  be  copious,  very  little 
interest  has  been  shown  in  utilizing  the  radiative  properties 
of  an  arc  in  situations  other  than  open-air  power  distribution 
because  detection  is  critically  dependent  upon  the  relative 
position  of  the  source  and  sensing  antenna.  Electrical 
detection  is  generally  limited  to  voltage  and  current 
measurements.  In  practice,  current  measurements  in  the 
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subsystem  wiring  or  circuits  to  be  protected  are  usually  the 
most  practical. 

Typical  current  and  voltage  characteristics  are  shown  in 
Figure  2.  Prior  to  the  arc,  circuit  conditions  were  300  Vdc, 
24.5  A  resistive;  electrical  noise  consisted  primarily  of  line 
frequencies.  Upon  separation  of  series  contacts, 
approximately  15  V  was  dropped  at  the  arc  gap.  As  the  gap 
widened,  arc  voltage  increased  and  current  decreased.  In 
general,  voltage -current  characteristics  of  an  arc  are  physical 
phenomenon  dependent  upon  (1)  constituents  in  the  gas 
phase,  (2)  gas  pressure,  (3)  material  in  contact  with  the  arc, 
and  (4)  gap  distance. 


A  significant  number  of  patents  utilize  frequency-domain 
techniques  such  as  monitoring  for  bursts  at  selected 
frequencies  via  filter  or  fast  Fourier  transform  (FFT)  or, 
more  commonly,  monitoring  for  a  broad  band  of 
frequencies.  A  recent  improvement  is  monitoring  for  a 
characteristic  frequency  roll-off  [12]. 

Successful  series  arc  detection  in  dc  systems  may  include 
both  time-domain  and  frequency-domain  analysis.  A  simple 
example  would  be  bursts  of  broadband  frequency  content 
that  is  not  synchronous  with  loads.  No  universal  technique 
applicable  to  dc  has  yet  been  published  and  successfully 
demonstrated. 
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Figure  2.  Current  and  Voltage  of  a  typical  drawn  arc. 


Electrical  current-detection  methods  can  be  (1)  in  the  time 
domain  such  as  monitoring  for  symptomatic  current  bursts, 
(2)  in  the  frequency  domain  such  as  selective  filtering  or 
FFT  analysis,  or  (3)  in  a  time-frequency  domain  such  as 
wavelet  analysis  or  application  of  a  short-time  Fourier 
transform  (STFT).  Wavelet  and  STFT  analysis  require 
extensive  processing  capabilities  and  their  practicality  has 
been  demonstrated  only  in  post-processing  applications. 

Reliable  real-time  detection,  however,  is  not 
straightforward.  Simple  methods  include  monitoring  for 
higher  than  normal  amplitude  peaks  or  for  a  predetermined 
rate  of  unexpected  amplitude  bursts.  Slightly  more 
complicated  are  methods  of  monitoring  for  power  bursts  or 
non-repeatability  of  power  waveform.  Most  time-domain 
techniques  are  based  upon  a  sudden  onset  of  arc  cument  and 
suffer  from  confusion  with  loads  that  also  cause  fast  current 
surges. 

Non-linearity  characteristics  have  been  applied  in  ac 
systems.  Their  success,  however,  is  not  universal  because 
the  current-voltage  characteristic  of  an  arc  is  frequency 
dependent.  At  low  frequencies  near  dc,  differential  negative 
conductivity  is  exhibited  where  a  decrease  in  current  is 
accompanied  by  an  increase  in  voltage.  At  high 
frequencies,  there  is  a  near-linear  response  of  current  and 
voltage  [10,11]. 


Successful  bolted-fault  protection  remains  a  challenge. 
Because  of  rapid  growth  of  current,  a  significant  amount  of 
power  can  be  dissipated  in  the  vicinity  of  the  arc.  This 
includes  damage  to  neighboring  wires  and  structures. 
Catastrophic  results  could  occur  in  cases  of  breached  fuel  or 
hydraulic  lines  leading  to  explosive  consequences. 

It  will  be  necessary  to  rapidly  detect  and  ameliorate  a  high- 
current  bolted  fault.  A  fast  i^t  (current  squared  x  time) 
detection  algorithm  may  be  sufficiently  rapid  but  it  is 
necessary  that  the  current  be  terminated — or  sufficiently 
reduced — ^before  significant  power  is  expended.  It  will 
likely  be  necessary  that  solid-state  breaker  systems  be 
utilized;  mechanical  breakers  are  limited  in  speed  of 
response. 

Currently  the  standards  to  address,  “What  determines  arc- 
fault  protection  and  how  do  you  test  for  it?”  are  being 
developed  for  various  terrestrial  and  vehicular  applications. 
SAE  International  has  addressed  arc  fault  detection  for  ac 
power  in  aircraft  [13]  and  is  in  the  process  of  addressing  dc 
power  applications  [14]. 

4,  Component  Testing 

One  common  quality  test  of  aircraft  components, 
particularly  those  used  at  voltages  >  1000  V,  is  detection 
and  measurement  of  partial-discharge  (PD)  activity.  The 
presence  of  PD  in  a  component  typically  indicates  defect 
sites,  and  the  extent  of  PD  activity  can  be  indicative  of  the 
level  of  deterioration.  The  reliable  performance  of  the 
electric -power-system  components  and  subassemblies  of 
such  vehicles  under  sub-atmospheric  operating  conditions  is 
essential  to  in-flight  reliability  and  vehicle  longevity. 
Therefore,  characterization  of  the  performance  and  behavior 
of  the  electrical  insulation  in  such  equipment  during 
exposure  to  low-pressure  environments  is  extremely 
important. 

International  standards  address  measurement  techniques  for 
partial  discharges  in  power  components,  e.g.,  lEC  60270 
[15].  However,  these  standards  are  developed  for  terrestrial. 
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atmospheric  conditions.  Sub-atmospheric  pressures  found  at 
high  altitude  can  change  the  temporal  nature  of  the  partial 
discharge  event.  Hence,  guidelines  have  been  developed  for 
partial  discharge  measurements  on  components  which  need 
to  be  evaluated  at  sub-atmospheric  pressures  for  aerospace 
applications  [16]. 

As  the  use  of  dc-fed,  power-electronic  converters  increases, 
voltage  spikes  above  the  nominal  supply  voltage  levels  are 
likely  occurrences.  This  is  especially  true  on  feeder  cables 
for  inverter-fed  drives  (IFD)  for  motors  and  actuators. 
International  standards,  such  as  IEC-60034-18-41  [17],  have 
been  developed  to  qualify  random-wound  induction  motors 
for  use  with  pulse-width-modulated  drives  to  control  motor 
speed  and/or  torque.  This  standard  evaluates  the  motor 
winding  insulation  to  ensure  partial-discharge-ffee  operation 
in  IFD  applications,  to  reduce  motor  winding  failures.  These 
specifications  have  been  developed  for  motor  drive  systems 
that  operate  in  atmospheric  pressure  environments,  not  high 
altitudes. 

5,  Conclusion 

The  concept  of  providing  overcurrent  protection  in  vehicular 
power  circuits  has  largely  been  motivated  by  a  mandate  to 
protect  the  current  carrying  conductors.  Hence,  the 
protective  devices  typically  operate  on  the  “i^t  principle.” 
The  concept  of  zonal  protection  has  been  widely  utilized  for 
the  utility  grid,  which  has  a  multiplicity  of  sources  and 
loads.  The  new  vehicle  systems  are  taking  on  the 
characteristics  of  a  “microgrid,”  with  primary  generation, 
energy  storage,  and  regeneration,  all  tied  into  a  dc 
distribution  system  with  voltages  ranging  from  250  to  750 
volts.  Hence,  the  vehicular  system  designers  may  need  to 
adopt  a  “zonal”  protection  philosophy  and  incorporate 
smart,  fast-acting  solid  state  switching  into  the  protection 
algorithms  controlling  dc  power  distribution  units  that  are 
designed  for  overall  safety  and  reliability.  The  distribution 
units  must  take  advantage  of  the  unique  capabilities  of  new 
solid  state  devices  and  fault  sensors  that  protect  the 
subsystems  and  loads,  rather  than  just  the  current  carrying 
conductors. 

To  this  end,  questions  must  be  addressed,  such  as:  What  is  a 
practical  level  of  arc  fault  protection?  i.e.,  limit  it  to  the 
easily-justified  parallel,  “bolted”  fault  condition,  or  expend 
resources  to  add  series  detection?  At  what  point  is  there  so 
much  protection  that  it  can  affect  the  system  cost  and 
operational  reliability?  In  the  case  of  parallel  arcs  ,  a 
significant  amount  of  energy  is  released  in  a  very  short 
period  of  time.  The  i^t  characteristic  that  is  typically  used 
for  operation  of  a  circuit  breaker  may  not  be  sufficiently  fast 
to  prevent  significant  damage.  This  results  in  severe 
demands  on  the  detection  and  processing  method.  Work  in 
this  area  is  ongoing  and  SAE-Intemational  is  leading  the 
effort  to  develop  dc  arc  fault  detection  verification  standards 
for  aircraft  power  applications. 


International  standards,  such  as  IEC-60034-18-41,  have 
been  developed  for  motor  drive  systems  that  operate  in 
atmospheric  pressure  environments,  not  the  high  altitudes 
that  the  actuators  in  future  more  electric  aircraft  will 
experience.  Future  investigations  must  be  accomplished  to 
evaluate  the  effects  of  applying  these  standard  tests  on 
actuator  motors  under  sub-atmospheric  conditions,  with  a 
view  to  creating  guidelines  to  accommodate  an  increasing 
number  of  aerospace  applications. 
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